Control of apoptotic signalling pathways depends on the balance between proapoptotic and prosurvival molecules. The 'inhibitor of apoptosis' (IAP) proteins are negative regulators of apoptosis that function by inhibiting the executioners of cell death (caspases), or by blocking the pathways that activate them. The IAP proteins function as ubiquitin E3 ligases and possess protein-protein interaction domains. IAPs can promote the addition of ubiquitin to themselves and to the substrate proteins that they interact with either directly or indirectly through adaptor proteins. The balance between substrate and autoubiquitylation seems to be important for their activity. In this review, we describe the structural features of IAP proteins as they are currently understood, and discuss how each domain contributes to IAP function. It is clear that to advance our understanding of these complex proteins, we must decipher how the domains operate in concert and how each domain impacts on the activity of the other. In mammals, two largely independent responses account for the activation of apoptosis. The 'extrinsic' pathway is initiated when specific ligands bind to cell-surface receptors of the tumour necrosis factor receptor (TNFR) family.
In mammals, two largely independent responses account for the activation of apoptosis. The 'extrinsic' pathway is initiated when specific ligands bind to cell-surface receptors of the tumour necrosis factor receptor (TNFR) family. 1 The 'intrinsic' pathway is triggered by the disruption of cellular integrity and relies on the release of proapoptotic factors from the mitochondria. 2 Initiation of either pathway ultimately leads to the activation of caspases -cysteine aspartic acid specific proteases that bring about destruction of the cell. 3 The intrinsic pathway primarily depends on activation of caspase-9, whereas activation of caspase-8 is important for signalling from the TNFR protein family. On activation of caspase-8 or -9, downstream caspases, or 'effector' caspases, such as caspase-3 and -7 are cleaved and cells become committed to death because of proteolysis of key proteins. To prevent inappropriate death, cells possess a multitude of specific inhibitors that can restrain and/or block caspase activation. One such family is the 'inhibitor of apoptosis' (IAP) proteins, which was first identified in baculoviruses, 4 and then found to be widespread with homologues in yeast, flies and mammals. 5 To understand the mechanism by which IAP proteins inhibit apoptosis, attention was initially focused on the baculoviral IAP repeat (BIR) domains. These studies showed that BIR domains are multifaceted protein-protein interaction domains that can bind many proteins and are able to directly inhibit caspases. 6, 7 Subsequently, the RING (really interesting new gene 1) domain was shown to be important, and like many proteins that contain RING domains, IAPs function as E3 ligases and promote the transfer of ubiquitin from E2 ubiquitinconjugating enzymes to substrate proteins. 7, 8 In addition, Yang et al. 9 have shown that cIAP1 and XIAP can promote the transfer of ubiquitin to themselves, and that this activity relies on an intact RING domain.
Inhibitor of apoptosis proteins that regulate apoptosis have both BIR and RING domains, and are the focus of this review. Recent studies using novel therapeutic agents suggest that the BIR and RING domains are intimately linked, and that the E3 ligase activity of the RING domain is modulated in unexpected ways by the BIR domains. 10, 11 Further studies have shown that IAPs also possess a ubiquitin-binding domain that binds to ubiquitin chains, and is important for their activity. 12, 13 These studies point to an interplay between substrate recruitment and ubiquitylation, and suggest that cross-talk between the domains is more important than initially thought. Here, we review the structures of the individual domains and how these underpin our current understanding of IAP function.
Structures of the Building Blocks BIR domain. All IAP proteins have at least one BIR domain ( Figure 1a ). The BIR domain is B80 amino acids in length and is defined by conserved histidine and cysteine residues that coordinate a zinc ion. [14] [15] [16] [17] [18] [19] The BIR domain comprises three short b-strands and four a-helices, and folds into a compact structure that includes a coordinated zinc ion (Figure 1b ). Many IAPs have multiple BIR domains; the mammalian IAPs XIAP, cIAP1 and cIAP2 each contain three such domains at their N-terminus, whereas DIAP1 from Drosophila contains two BIR domains that are functionally equivalent to BIR2 and BIR3 of XIAP (Figure 1a) . 7 In addition to the core secondary structural elements, the most C-terminal BIR domains contain a further a-helix (a5) at their C-terminus (Figure 1b) . Overall, the BIR domain sequences are strongly conserved from viral through to mammalian IAPs, and structurally, they are remarkable in their similarity (Figure 1c ). For instance, structures of the three BIR domains from XIAP and two BIR domains from DIAP1 are available, and these overlay with a root mean square deviation (r.m.s.d.) of 1.0 Å over 72 residues (Figure 1c) . 6, [17] [18] [19] [20] [21] However, specific sequence differences underlie the distinct binding properties of each BIR domain (Figure 2 ), and the presence of multiple BIR domains confers, on IAPs, the ability to interact with a number of proteins (Figure 3a) . These interactions serve to localise IAPs, and to either directly inhibit substrate proteins or recruit them for ubiquitylation, as discussed below.
A number of structures of BIR domains have been solved, either alone or in complex with binding partners. However, because only isolated BIR domains have been studied it is uncertain if BIR domains within an IAP polypeptide interact, or behave as 'beads on a string'. Nonetheless crystal structures of individual BIR domains suggest that the BIR domains can associate. Notably, BIR1 from XIAP forms homodimers that depend on interaction of b3 and a3. 20 In addition, BIR3 from XIAP forms dimers that depend on a5, although the interface is small (~500 Å 2 ) and a disulphide bridge appears to stabilise dimer formation. 22 These studies suggest that BIR domains can associate but further studies are required to establish the relevance of these interactions, and to determine if contiguous BIR domains within a polypeptide interact.
RING domain. All IAPs that modulate the apoptotic pathways have a RING domain at their C-terminus, and this is required for dimerisation and for ubiquitin E3 ligase activity. 23 The RING domain is a small (40 amino acid) domain that is defined by eight cysteine and histidine residues that coordinate two zinc ions (Figure 1d ). The core structure of all RING domains is highly conserved, however, the surrounding residues vary and allow subclasses to be identified. In the case of IAPs the RING domain is at the C-terminus and is followed by exactly 13 residues. Mutagenesis studies have suggested that these residues are important for dimerisation. 23 Equivalent residues are also required by other RING-containing proteins, such as mouse double minute proteins (MDMs), E3 ligases that determine the cellular levels of the tumour suppressor, p53. 24 Structures of the RING domains from IAPs and MDMs have shown that the C-terminal residues have an extended conformation that includes b3, and interact across the dimer interface to mediate the dimer formation (Figure 1d ). [25] [26] [27] Both IAP heterodimers and homodimers have been reported, and although only the cIAP2 homodimer has been characterised in detail, it is likely that all pairings of IAP RING domains will adopt a similar structure. 27 UBA domains. Following the final BIR domain in some IAPs is a short region that has recently been shown to have homology with ubiquitin-associated (UBA) domains that bind ubiquitin. 12, 13 Although structures of the UBA domain from IAPs have not been determined, it is likely that they will also form a compact alpha helical bundle, similar to that of other UBA domains (for example, PDB codes 1vek and 2cpw). Already, NMR and mutagenesis experiments have shown that the hydrophobic conserved MGF/Y motif is important for binding ubiquitin, and that these residues interact with a conserved hydrophobic patch on ubiquitin.
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CARD domains. A few IAPs also possess additional domains, such as the caspase recruitment domain (CARD), found in cIAP1 and cIAP2. The structure and function of the CARD in these IAPs has not been determined. However, given the conserved nature of this domain, it is highly likely that in IAPs the CARD forms a six-helix bundle, which serves as a protein-protein interaction motif. 28 
IAP Proteins -Direct Regulators of Caspase Activity
To understand how IAPs inhibit caspases, initial studies focused on the BIR domains of XIAP, as they directly inhibit both initiator and effector caspases. 29 The molecular basis of effector caspase inhibition was revealed by crystal structures of the second BIR domain from XIAP (XBIR2), including an extended N-terminal linker, bound to caspase-7 30 ,31 and caspase-3. 32 In these structures, the residues N-terminal to XBIR2 extend into the substrate-binding groove of the caspase, blocking substrate entry in both caspase-3 and -7 (Figure 2a and b) . Although the BIR domain is not visible in the caspase-7 complexes, the N-terminal peptide alone does not effectively inhibit caspases, suggesting that the BIR domain The balance between substrate ubiquitylation and autoubiquitylation by cIAP1 and cIAP2 seems to be important. In unstimulated cells, cIAPs mediate ubiquitylation of RIP1 and NIK, leading to cell survival. Addition of IBM antagonist compounds enhances autoubiquitylation of cIAPs, resulting in their degradation, and thus, inhibiting the modification of RIP1 and NIK contributes to binding. Consistent with this, there are specific contacts between XBIR2 and caspase-3. 32 Remarkably, inhibition of initiator caspases occurs in a distinct manner that requires the third BIR domain (XBIR3) of XIAP. Mutational analysis identified two regions that are required for inhibition, and showed that only processed caspase-9 is inhibited. 33 Structural studies subsequently revealed two complimentary interactions between XBIR3 and caspase-9. 21, 34 First, a tetrapeptide motif at the Nterminus of the small subunit of caspase-9 binds to a conserved surface groove of BIR3, and second, residues in a4 of BIR3 bind to the surface of caspase-9 that is required for dimerisation (Figure 2c) . 21 Fully active caspase-9 forms a homodimer, therefore, the two interactions with the BIR domain serve to hold caspase-9 in an inactive monomeric state. 6 In contrast to XIAP, cIAP1 and cIAP2 are able to bind, but do not directly inhibit, the caspases. 35 Instead, some have suggested that ubiquitylation of caspases by IAPs might be important, 8 but the significance of this has not been established in mammals. However, recent studies in Drosophila show an important link. 36 Using DIAP1, a Drosophila IAP protein that binds caspases through its BIR domains and flanking sequences, Ditzel et al. 36 have shown that the abundance of active effector caspases is, in part, controlled by ubiquitylation. In its unmodified form DIAP1 ubiquitylates caspases poorly. However, after cleavage by the effector caspase drICE, DIAP1 is able to bind UBR domain-containing E3 ligases, such as UBR1, and polyubiquitylate the effector caspases DCP-1 and drICE. Although a proportion of this polyubiquitylation is K48-linked, drICE is not targeted for degradation, but rather has reduced catalytic potential. Thus, after activation of DIAP1 by caspases, DIAP1 in turn inactivates caspases -an elegant autoregulatory loop.
In mammals, on receipt of an apoptotic stimulus, restraint by the IAPs is relieved when the mitochondrial membrane is disrupted and proapoptotic proteins, such as Smac/DIABLO and HtrA2/Omi, are released. 37, 38 These proteins have a conserved N-terminal sequence of four residues (AVPI in the case of Smac/DIABLO) that constitutes the IAP-binding motif (IBM). The IBM binds to a conserved groove on the BIR2 and BIR3 domains (Figure 2a and d) . 16, 17 This is the same groove that binds to the N-terminus of caspase-9, thus, when the IBM interacts with BIR3 it directly displaces caspase-9 thereby leading to its activation. In contrast, interaction of IBMcontaining proteins with BIR2 sterically block effector caspases from binding to the BIR2-linker region. 21, 34 The BIR domains of DIAP1 also have an IBM-binding pocket, and structural studies have shown that the IBM-binding site is conserved. 29 Comparison of structures of BIR domains in the presence and absence of an IBM peptide show that the pocket is preformed, although two loops become ordered on binding, 16 and in BIR2 from DIAP1 an additional helix (a6) forms on IBM peptide binding. 18 Many tumors have elevated levels of IAPs and this correlates with a poor prognosis, 39 suggesting that IAP antagonists may provide a therapeutic strategy for targeting these tumors. Importantly, it was shown using RNA interference methods that suppression of IAP protein levels, either directly stimulated cell death or increased the sensitivity of cells to undergo apoptosis induced by other therapeutic molecules. 40 Given that the IBM tetrapeptide could promote caspase activity and sensitise cancer cell lines to undergo apoptosis, 41, 42 these studies suggested that mimicking the function of Smac/DIABLO had therapeutic potential. 43, 44 Several groups developed small molecule peptidomimetics of the IBM that bind selectively and with high affinity to the BIR domains of IAPs, 43 and structures of compounds bound to BIR domains showed that they contacted the same residues in the IBM-binding pocket. 45 Several of these compounds have been shown to stimulate cell death in various tumour cell lines as well as promoting tumour regression in model systems, and it was presumed that XIAP was the primary target of these compounds.
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IAP Proteins -Modulators of Signalling Pathways
In addition to their roles as direct caspase regulators, mammalian IAPs have been shown to interact with adaptor proteins, and as a consequence, they are associated with several important signalling pathways. The first BIR domain is essential. In the case of XIAP, BIR1 binds to TAB1, an upstream component required for the activation of the TGF-bactivating kinase complex. 20 This study not only showed that residues in a2 and a3 of XBIR1 are important for interaction with TAB1 (Figure 2a and e) , but also that BIR1 forms a homodimer and this is important for activity. Other studies have shown that the BIR1 domain of cIAP1 and cIAP2 is important for their recruitment to the TNF receptor complexes. 46, 47 The BIR1 domain of cIAP1 and cIAP2 interacts with TNF receptor-associated factors (TRAFs), adaptor proteins that are associated with TNFR complexes. 48 Structures of these complexes have not been determined and the interaction site in TRAF2 is unknown, but mutagenesis has identified residues in a1 of BIR1 that are important for binding to TRAF2 (Figure 2a ). These residues differ in BIR1 of XIAP, and this probably accounts for the selective binding of TRAFs to cIAPs. 46, 47 Early studies suggested that cIAP1 mediated the ubiquitylation of TRAF2 in response to TNF binding and that this was important for signalling, 49 but the precise role of cIAPs was uncertain. Recent studies using the IBM mimetic compounds have refocused the attention on the role of cIAPs, because their action is independent of caspase-9 and instead depends on caspase-8. This indicates that the antagonists trigger apoptosis mediated by the extrinsic apoptotic pathway. 10, 11, 50 Rapid degradation of cIAP1 and cIAP2 by the proteasome seems to be critical to the response, and surprisingly loss of cIAPs ultimately leads to NF-kB activation and TNFa secretion. Caspase-8 activation then occurs in response to TNFa signalling and cell death ensues (Figure 3b) . 10, 11 Mutation of the RING domain in cIAP1 and cIAP2 abrogates E3 ligase activity and blocks the degradation of cIAP1 in response to antagonists, as does mutation of the IBM-binding groove. This points to an essential role for the RING domain in antagonist responses. 10 How does loss of the cIAPs promote apoptosis? Signalling by the members of the TNFR superfamily depends on the recruitment of specific intracellular adaptor proteins that activate distinct signal transduction pathways. IAPs appear to modulate the composition of the TNFR signalling complex, and therefore, they can determine the cellular response to ligand binding. [51] [52] [53] For example, cIAPs can modify the activity of receptor-interacting protein 1 (RIP1). The presence of K63-linked ubiquitin chains on RIP1 promotes the assembly of prosurvival complexes, and cIAPs are responsible for the attachment of these chains (Figure 3b) . 51, 54 Loss of cIAPs, as occurs on addition of IBM mimetics, means that RIP1 is no longer K63-ubiquitylated and no longer associates with the prosurvival kinase, TAK1. RIP1 instead interacts with caspase-8, leading to cell death. 51 cIAP abundance also seems to be important for determining the levels of NF-kBinducing kinase (NIK), another component that is required for TNFR superfamily signalling. 10, 11 In resting cells, a TRAF2-TRAF3 complex brings NIK in close proximity to cIAP1 or cIAP2, promoting formation of K48-linked ubiquitin chains on NIK (Figure 3b) , which leads to its degradation by the proteasome. 52, 53 On receptor stimulation, TRAF2 mediates K63-linked ubiquitylation of cIAPs, which induces a change in cIAP substrate specificity. The cIAPs now promote K48-linked ubiquitylation of TRAF3 and TRAF2, causing their degradation, and thus, NIK is stabilised because it is no longer targeted by cIAPs. 53 Therefore, ubiquitylation of IAPs seems to regulate their substrate specificity.
Together, these studies suggest that IAP-mediated ubiquitylation is critical, but a detailed understanding of the complexes formed by IAPs and the factors that determine whether K63-or K48-linked chains are formed, remain uncertain. The presence of the UBA domain that can interact with K48-or K63-linked ubiquitin chains adds another level of complexity that potentially influences the oncogenic potential of certain IAP proteins. 13 Analysis of multiprotein receptor complexes is likely to be required to understand how both substrate recruitment and E3 ligase activity is controlled.
Regulating IAP RING E3 Ligase Activity
To characterise the molecular mechanism of ubiquitylation by IAP proteins studies have focused on the isolated IAP RING domains, which form dimers that depend on the integrity of the C-terminal residues (Figure 1d) . 23, 27 These residues are also important for the function of MDM2. Notably, although the RING domain of MDM2 with a mutated C-terminus is inactive and can no longer ubiquitylate itself or its substrate p53, activity is restored when MDM2 forms heterodimers with wildtype MDM4, even though MDM4 alone is not an active E3 ligase. 24, 26 Thus, the C-terminus of MDM4 is able to restore the activity of mutant MDM2, showing that either directly or indirectly both monomers contribute to E3 ligase activity.
E2 recruitment is required for RING E3 ligase activity and IAPs have been reported to interact with a number of E2s. 7 Unlike MDM2, which binds E2 enzymes with modest affinity, 25 IAPs bind UbcH5b with at least mM affinity and the crystal structure of the isolated cIAP2 RING domain dimer bound to UbcH5b shows that both RING domains of the homodimer interact with an E2 molecule. 27 It is uncertain whether both E2 : RING pairs are capable of promoting ubiquitin transfer, but comparison with other RING domains suggests that both E2-binding sites will not necessarily be occupied simultaneously (Figure 4a) . 55 Conserved hydrophobic residues that are required by many RING domains for activity and E2 recruitment are at the centre of the cIAP2 : RING interface. Surrounding residues also contribute to E2 recruitment, but these are less highly conserved, and are likely to contribute to selective binding. 27 Although the subset of E2 enzymes that functionally interact with the IAP RING domains in vivo has not been clearly defined, studies with BRCA1 suggest that their identification may be important. Figure 4 Snapshots of E3 ligase complexes (a) Model based on the structure of UbcH5b (grey) bound to the cIAP2 RING domain (green) (PDB code 3eb6). A ubiquitin molecule (red) has been modelled attached to cysteine 85 of UbcH5b to illustrate a charged E3:E2 unit before substrate ubiquitylation. (b) Regulation of RING E3 ligase activity by distant domains of CHIP. The two structures solved were (i) the U-box (yellow) bound to E2 (grey) (PDB code 2c2v), and (ii) the full CHIP protein, including U-box and TPR domains (purple) (PDB code 2c2l). Here, the two structures are overlaid to emphasise that in full-length CHIP the TPR domain of one monomer in the dimer blocks its own E2-binding site, allowing only one E2 molecule to bind the dimer as shown Christensen et al. 56 identified the E2 enzymes capable of binding BRCA1, and showed that of those able to bind and autoubiquitylate, a subset were only able to attach a single ubiquitin. A distinct subset could not attach the initial ubiquitin, but were able to extend the chain once monoubiquitylation had occurred. It will be interesting to determine whether IAPs also use different E2s to build chains, or whether chain initiation and extension are carried out by one enzyme. As for all RING domains, the mechanism by which they promote ubiquitin transfer has not been revealed, although current models suggest that allosteric activation of the E2 on RING binding is important. 57 To prevent uncontrolled protein ubiquitylation, the activity of the RING domain must be tightly regulated, and several studies have suggested that dimerisation of RING domains is a key facet that modulates E3 ligase activity. 58 For example, the RING domain of the BRCA1 tumour suppressor protein is activated on heterodimerisation with the RING domain of BARD1. 59 Likewise, the RING domains from Ring1b and Bmi form heterodimers, and the E3 ligase activity of Ring1b is increased when Bmi is present. 60 Given that the RING domains from IAPs form homo-and heterodimers, it is likely that the E3 ligase activity of IAPs is also modulated by dimerisation. However, IAPs have also been reported to form higher order oligomers, 61 and it is uncertain how dimerisation/ oligomerisation is regulated in cells.
A regulatory role for domains other than the RING in IAPs is suggested by studies that showed that autoubiquitylation of purified IAPs increased on addition of IAP antagonists. 10 This suggests that antagonist binding to BIR2 or BIR3 is conveyed to the RING domain at the C-terminus, promoting autoubiquitylation of IAPs. Clues, as to how this occurs, may lie with the E3 ligase CHIP (C-terminal HSP70 interacting protein), which contains a TPR domain and a U-box domain that is responsible for CHIP's E3 ligase activity. Although the U-box forms a dimer similar to the RING domains, in the crystal structure, only one U-box has an exposed E2-binding site, with the E2-binding site on the other monomer occluded by the TPR domain (Figure 4b ). 55 Thus, the distant domains influence E2 recruitment and presumably its E3 ligase activity. Furthermore, the C2 domain of the HECT E3 ligase, Smurf2, performs an autoinhibitory function and prevents cycles of futile autoubiquitylation. 62 In this case, binding of the adaptor protein, Smad7, to the HECT domain, both relieves inhibition by the C2 domain and facilitates E2 recruitment. Given these examples, it is tempting to invoke a similar mechanism for IAPs, in which antagonist binding interferes with normal interdomain regulation and stimulates autoubiquitylation by the RING domain. Shedding light on the mechanisms of cross-talk between the IAP domains may lead to a much clearer understanding of overall IAP function, and will be key to elucidate how therapeutically promising IAP antagonists achieve their effects at a molecular level.
Conclusions and Future Directions
In recent years, a complex picture of RING-dependent IAP function has emerged. Ubiquitylation of proteins that interact directly or indirectly with IAPs are now the focus of many studies (Figure 3a) . Already RIP1 and NIK have been established as key substrates that are brought into the range of IAP E3-ligase activity by adaptor proteins such as TRAFs. Other proteins that directly bind to IAPs, such as MURR1, Mad1 and c-RAF, also undergo IAP-mediated ubiquitylation, [63] [64] [65] [66] but both their binding sites on IAPs and the factors that regulate their ubiquitylation remain uncertain. It is likely that additional interacting proteins will be identified, and given the discovery of the UBA domain, it is probable that binding of some of these proteins will be modulated by ubiquitylation. To elucidate the key components of these processes, it will be important to discover whether close association of substrate proteins with IAPs is sufficient to promote their ubiquitylation, or whether there are other mechanisms that regulate this.
The switch between autoubiquitylation and substrate ubiquitylation seems to be key in determining the outcomes of IAP activity (Figure 3b ). An important question is how this balance is regulated. Experiments with IBM mimetics and examples in the literature suggest that cross-talk between domains can modulate E3 ligase activity. For example, the BIR domains may interact with the RING domain and restrict E3 ubiquitin ligase activity until the IBM-binding pocket is occupied. The oligomeric state of IAPs may also modulate activity and it will be interesting to see whether this is determined by cellular status.
Clearly, the RING domain is crucial, but to dissect the mechanisms that determine activity analysis of multidomain proteins is likely to be required. As IAP proteins containing more than one domain have proven to be poorly behaved in vitro, success may well depend on combining traditional structural approaches with alternative techniques, such as small-angle X-ray scattering or FRET. Assembling our current knowledge of the separate domains of IAP proteins into a more integrated overview will allow a more complete understanding of how IAPs influence apoptotic pathways and beyond.
